Abstract. 1. Kleptoparasitic and parasitoid insects are expected to be particularly sensitive to changes in habitat availability due to their high trophic position and small population sizes compared with their hosts, but there are only few quantitative studies on their population changes.
Introduction
Major changes in land use have profoundly altered landscapes and habitats in large parts of the world over the last two centuries. In Europe, particularly the introduction of large-scale industrial forestry and agriculture during the 20th century, including efficient prevention of forest fires and abandonment of traditional animal husbandry, has dramatically transformed the structure of woodlands and agricultural landscapes (Stoate et al., 2009; Paillet et al., 2010) . Forests have become more homogeneous and closed with less large trees and dead wood (Kouki et al., 2001) , while flower-rich meadows and pastures have disappeared from agricultural areas (Cousins et al., 2015) . These changes, in combination with climatic factors, have benefitted some organisms, while others have suffered and even become threatened. In northern Europe, especially species dependent on natural forests (Hyv€ arinen et al., 2006; Tikkanen et al., 2006) and semi-natural grasslands (Kuussaari et al., 2007) have been negatively affected.
While population trends of species are often linked to their habitat requirements, also other ecological and lifehistory traits can affect responses to environmental changes. Niche breadth and dispersal ability can determine insect species' responses to human-induced changes, so that a narrow niche breadth (i.e. a specialised diet) and a poor dispersal ability are predicted to make species more vulnerable (e.g. Kotiaho et al., 2005; Bommarco et al., 2010; € Ockinger et al., 2010) . Declining trends or increased vulnerability have also been associated with other life-history traits, such as large body size (Bartomeus et al., 2013) , nest site location (Potts et al., 2005; Steffan-Dewenter et al., 2006; Williams et al., 2010) and solitary or social lifestyle (Steffan-Dewenter et al., 2006; Williams et al., 2010) . Kleptoparasitic and parasitoid species, which require viable host populations, are more vulnerable to habitat loss than species at lower trophic levels (e.g. Komonen et al., 2000; Roslin et al., 2013) , but quantitative studies covering entire insect groups are virtually lacking (Hochberg, 2000; Shaw & Hochberg, 2001) .
Cuckoo wasps (Hymenoptera, Chrysididae) are a group of wasps, which develop during their larval stage as kleptoparasites or parasitoids of mainly other hymenopterans (Kimsey & Bohart, 1991) . While parasitoids feed directly on the host larva or pupa, kleptoparasites (or brood parasites) mainly utilise the food items stored in the host brood cell (O'Neill, 2001 ). Both modes of development practically always result in the death of the host. When occasionally more than one host brood cell is destroyed, the kleptoparasite can be also considered to be a predator. Although kleptoparasites mostly feed on the same food as their hosts and may thus be considered as inter-specific competitors (cf. Iyengar, 2008) , they share several characteristics in their lifestyle with species belonging to a higher trophic rank, as they are totally dependent on their hosts and therefore comparable with parasitoids. Most North-European species of the subfamily Chrysidinae are kleptoparasites of solitary wasps of the families Vespidae and Crabronidae, whereas a few species are ectoparasitoids of solitary bees of the family Megachilidae. Species of the subfamily Cleptinae are ectoparasitoids of sawfly prepupae of the families Tenthredinidae and Diprionidae (Paukkunen et al., 2014 (Paukkunen et al., , 2015 . As the hosts of most cuckoo wasps themselves are highly specialised predators or pollen feeders, which require specific nesting sites and nest building material, cuckoo wasps as their natural enemies are expected to be particularly vulnerable to environmental changes. Many cuckoo wasp species are also highly specialised in their host selection (P€ arn et al., 2014) and probably have poor dispersal abilities due to their small size (Greenleaf et al., 2007; Gunton & P€ oyry, 2016) .
The sensitivity of cuckoo wasps for environmental changes has become evident in the latest North-European Red List assessments. The proportion of Red-Listed cuckoo wasp species is exceptionally high in all Nordic countries (Paukkunen, 2010; Larsson, 2015; Ødegaard et al., 2015) . For example, nearly half of the 49 cuckoo wasp species known from Finland (Paukkunen et al., 2014 (Paukkunen et al., , 2015 are considered near threatened, threatened or regionally extinct (Paukkunen, 2010;  Table S2 ). According to such evaluations, the main threat for cuckoo wasps is habitat loss, and especially the decrease of sparsely vegetated dry meadows and biotopes with sun-exposed dead wood.
Despite Red List assessments indicating severe declines in cuckoo wasps, quantitative studies on long-term population trends have not been carried out previously in this group. The probable main reasons are the difficulties of sampling large amounts of cuckoo wasps and that their identification always requires an experienced expert. Therefore, in contrast to some other insect groups with citizen science type of monitoring (P€ oyry et al., 2009) , documenting population trends of cuckoo wasps is only possible by examining existing museum and amateur collections of pinned individuals. Being difficult to identify can also be seen as an advantage in cuckoo wasps. This is because the pinned individuals in collections are likely to be much closer to a representative random sample from nature than pinned individuals of some easily identifiable insects in which museum collections may be heavily biased to rare species (see Kuussaari et al., 2007) .
Assessing long-term population trends and distributional changes on the basis of natural history collections can also be difficult due to several other reasons, such as changes in sampling effort, changes in the spatial coverage of sampling and changes in collection methods over time (Jeppsson et al., 2010; Scheper et al., 2014) . Numerous methods have been proposed in literature for taking these potential sources of bias into account in trend assessments (Isaac et al., 2014) . The most commonly used methods employ data filtering or statistical correction procedures. Here, we employ the method of data filtering to examine population trends of cuckoo wasps.
Our study has four aims. First, we explore the general patterns of distribution and abundance of the cuckoo wasps recorded in Finland. Second, we investigate how the occurrence and distribution cuckoo wasps have changed during a period of 170 years. Based on observed changes in the occupancy of selected well-studied 10 9 10 km grid squares, we assess population trends for each species. Third, we analyse using comparative methods how species traits, specifically host specificity, body size, nesting type of host, abundance and size of distribution, are related to the observed trends. Fourth, we investigate how changes in the occurrence of specialist cuckoo wasps are correlated with changes in the occurrence of their hosts and test the prediction that changes in cuckoo wasps are more pronounced than changes in their hosts because they are positioned at a higher trophic level.
Materials and methods

Data collection
Distributional data of cuckoo wasps (Hymenoptera, Chrysididae) were collected primarily from private and Ó 2017 The Royal Entomological Society, Insect Conservation and Diversity, 11, 58-71
Population trends of cuckoo wasps 59 public Finnish entomological collections (Table 1 ). All the studied specimens were identified to species level by the author JPa using the key of Paukkunen et al. (2015) . Additional data were obtained from ecological studies conducted by the Finnish Environment Institute (SYKE) and the Finnish Forest and Park Service (Mets€ ahallitus) in [2004] [2005] [2006] . This material was also identified by the author JPa. Literature records were not included, except in a small number of cases concerning easily identifiable rare species. The final dataset included data on 18 584 specimens of cuckoo wasps collected within the current (i.e. post-WWII) borders of Finland in 1840-2015. During the databasing process, georeferencing of specimens was performed using a 10 by 10 km grid of the Finnish coordinate reference system (YKJ or GRID27E). For specimens collected in 1972 (the establishment year of the YKJ system) or later, the coordinates of the collection locality were usually marked on the specimen label, but for older specimens, the coordinates were interpreted from the collection locality. If only the municipality name was mentioned in the label of the specimen or notebook of the collector, the coordinates were assessed according to the location of the central (church) village of the municipality. In old specimens, accurate information on the date of collection was often also missing from the label. In these cases, the year or at least decade of collection was estimated using notebooks of the collector and other available historical information.
In addition, data were collected of eight host species of cuckoo wasps. These species were selected to represent both cavity-nesting potter wasps [Vespidae, Eumeninae: Ancistrocerus parietinus (Linnaeus), A. parietum (Linnaeus), Discoelius dufourii Lepeletier, Euodynerus notatus (Jurine)] and ground-nesting digger wasps [Crabronidae: Astata minor (Kohl), Cerceris arenaria (Linnaeus), C. quadrifasciata (Panzer), Philanthus triangulum (Fabricius)]. All of them have at least one specialist or near specialist cuckoo wasp kleptoparasite species in Finland, enabling direct comparison of occurrence trends between the hosts and their natural enemies [A. parietinus -Chrysis impressa Schenck, A. parietum -C. ignita (Linnaeus), D. dufourii -C. brevitarsis Thomson and C. equestris Dahlbom, E. notatus -C. graelsii Gu erin-M eneville and C. pseudobrevitarsis Linsenmaier, A. minor -Hedychridium caputaureum Trautmann & Trautmann, C. arenaria -Hedychrum nobile (Scopoli), C. quadrifasciata -H. niemelai Linsenmaier, P. triangulum -H. rutilans Dahlbom] . While some of the cuckoo wasps have also other host species, based on both published and unpublished evidence, we believe that the ones selected by us for comparison represent the most important host species in Finland. The host data were collected from the same sources as the cuckoo wasp data (Table 1) , and nearly all specimens were identified by the author JPa. The host dataset consists of 4229 individuals, all collected within the current borders of Finland in 1840-2015.
The nomenclature follows Paukkunen et al. (2014) for cuckoo wasps and Fauna Europaea (Mitroiu, 2013) for the host species. The newly described species Chrysis parietis Budrys, 2016, which has been also recorded from Finland (Orlovskyt_ e et al., 2016), was omitted from our study due to its difficult identification, which requires DNA-barcoding. Omalus aeneus probably also consists of several closely related cryptic species in Finland (Paukkunen et al., 2014) , but these were not treated separately.
Analysis of occurrence trends
In order to assess changes in the distribution areas of cuckoo wasps, the dataset was divided into two study periods so that the amount of data, as measured by the number of observed individuals, was as equal as possible in both periods. The first period covers the years 1840-1967 (9186 individuals) and the second period the years 1968-2015 (9398 individuals) ( Table S1 ). The cut-off point of the study periods coincides relatively well with a major shift in land-use practices in Finland, including intensification of agriculture and forestry, as well as accelerating urbanisation (Luoto et al., 2003) . Dividing the data into three or more time periods with equal amounts of individuals would have resulted in undesirably unequal lengths of the periods, and therefore, we decided to reject analyses with more than two periods.
In the analyses of occurrence trends, we focused on changes in the occupancy of species in 10 9 10 km grid squares. Occupancy was calculated separately for both study periods, denoting the proportion of occupied squares (with at least one observed individual) to all studied squares of the period. Occurrence trends of each species were then assessed by measuring the relative change in occupancy between the two periods.
As a large proportion of all studied grid squares in both study periods included only sporadic records of a few individuals, we decided to focus on relatively well- studied squares with at least 10 observed individuals per period, in order to assess temporal changes more reliably. These well-studied squares comprised less than half of the total number of squares in both periods, but approximately 90% of all individuals (Table S1 ). The first period included a total of 118 well-studied squares with 8547 individuals, while the second period included 155 well-studied squares with 8257 individuals. The locations of the well-studied squares concentrated in southern Finland, which is also the area of highest cuckoo wasp species richness in the country. Both study periods included squares with agricultural areas, urban settlements and forested regions. On average, the squares of the second period located slightly more north-east than in the first period, but the difference was not statistically significant ( Fig. 1 , Table S1 ).
Statistical significance of the change in occupancy was analysed for each species using Fisher's exact test, and the resulting P-values were adjusted with a sequential Bonferroni correction (Rice, 1989) . These statistical analyses were performed with the Statistix 9 software (Analytical Software, Tallahassee, FL, USA).
Species trait data
We included data on five species traits in the comparative analysis (see below): (i) abundance, (ii) size of distribution area, (iii) body length, (iv) host specificity and (v) nesting type of host ( Table 2 ). The classification of each species is presented in Table S2 .
Abundance was assessed according to the total number of individuals during both observation periods, while distribution size was measured as the total number of biogeographical provinces (Fig. 1) where the species has been observed. Body size was measured as the average of the minimum and maximum body lengths (mm) given for each species by Paukkunen et al. (2015) .
Host specificity was presented as an ordinal variable with three categories, low, moderate and high, depending on the number and relatedness of host species in Finland. The categories were defined as follows: (i) low = species with two or more, distantly related (different tribes) host species; (ii) moderate = species with two or more, closely related (same tribe) host species; and (iii) high = species with apparently only one host species. Information of host species was extracted from Paukkunen et al. (2015) and other publications cited in it. Host species that do not occur in Finland were not taken into account, meaning that host specificity of a species was considered as high, if only one of its globally recorded host species had been recorded in Finland. Three species, Chrysis westerlundi Trautmann, Elampus foveatus (Mocs ary), Holopyga inflammata (F€ orster), whose hosts are completely unknown, were assigned to the category of moderate host specificity, as their closest relatives belonged to this category.
Finally, each cuckoo wasp species was classified into two categories according to the nesting type of its host species: (i) ground nesting (endogeic) or (ii) above ground/cavity nesting (epigeous). Nesting type is strongly correlated with habitat preference, as ground-nesting species typically live in sparsely vegetated open grasslands and cavity-nesting species prefer semi-open forest edges and gardens with dead wood.
Comparative analysis
We performed a comparative analysis between the occurrence changes (dependent variable) and species traits (explanatory/independent variables) to explore if the latter were connected with the observed population changes. Two rare species, Chrysis corusca Valkeila and C. leptomandibularis Niehuis, were omitted from the analysis due to their small numbers. Also Hedychrum rutilans was omitted, as it represented a strong outlier due to its exceptional increase.
To disentangle which combinations of explanatory variables show the most parsimonious fit to the data and to explore the overall relative importance of explanatory variables, we applied the approach of model selection (a.k.a. multi-model inference) (Burnham & Anderson, 2002) . We fitted 30 generalised estimation equations (GEE) models including all possible combinations of the five explanatory variables while accounting for phylogenetic relatedness among cuckoo wasp species (discussed in the following section). The application of GEE models in comparative analysis was demonstrated by Paradis and Claude (2002) . The fitted models were ranked according to their information criterion value (here quasi-likelihood information criterion, QIC; Pan, 2001 ) from the smallest to the highest (i.e. from the most to the least parsimonious model). For each model, we calculated the 'QIC weight' that represents the likelihood that a model shows the best fit to the data (Johnson & Omland, 2004) . Following this, the relative importance of each explanatory term was calculated by summing QIC weights across those models where the respective term was present.
To account for potentially confounding effects of phylogenetic relatedness among the study species, we derived a phylogenetic hypothesis for the included 45 focal species (Appendix S1). We included this information in the analyses by calculating a species-to-species correlation matrix and by fitting generalised estimation equations (GEE) as implemented in the APE library ('compar.gee' function command), version 3.3 (Paradis, 2006) within the R statistical environment, version 3.2.2 (R Core Team, 2015) . We used a 'Gaussian' error structure and identity link functions in all models.
Comparison of cuckoo wasps and their hosts
Occurrence trends of the selected eight host species were analysed similarly to the cuckoo wasps. The first period included a total of 67 well-studied squares with at least 10 host individuals, while the second period included a total of 40 well-studied squares (Table S1 ). The total number of individuals, as well as the average number of individuals per square, was approximately two times higher during the first than the second study period. This means that the average occurrence level of stable species would have been higher during the first than the second study period just because of the much larger number of recorded individuals (i.e. larger study effort) during the first study period. Therefore, we decided to even out the number of individuals of the study periods by random sampling. This was done by randomly removing records from the first study period until the total number of individuals corresponded with the second period, while forcing at least one record from each 67 well-studied square to stay in the dataset. The sampled dataset was then used for assessing changes in the occupancy of the species. The dependence between the occurrence trends of the hosts and their specialist cuckoo wasp kleptoparasites (10 species) was studied using Spearman's correlation analysis. We also tested whether changes in occurrence were larger in cuckoo wasps than in their hosts by using Wilcoxon's signed-rank test.
Results
The results showed a relatively steady increase in cuckoo wasp records from the 1840s to 2010s, except in the 1980s and 1990s when collecting activity was temporarily lower ( Fig. S2) . The cumulative species number has not risen markedly after the 1950s, which indicates that the Finnish fauna is well-known and new species are hard to find. A more detailed summary on temporal variation in study effort is presented in Appendix S2.
Relative abundance and commonness of species
The frequency distribution of Finnish cuckoo wasps turned out to be strongly skewed, with only a few very common species and many rare species (Fig. 2) . The most abundant species was Chrysis angustula Schenck, which comprised 17% of all recorded individuals, while the next most abundant species, Hedychrum nobile, constituted 8% of all individuals. The relative abundance of 20 species was <1%. Commonness, as measured by the number of 10 9 10 km squares, was strongly correlated with abundance (Spearman's correlation coefficient 0.94, P < 0.001).
Occurrence trends of individual species
The relative change in occupancy of 10 9 10 km squares was negative for 38 cuckoo wasp species and positive for eight species, when only the well-studied squares were taken into account (average change À10%) (Table 3A) . When all squares were included, the change was negative for 39 species and positive for eight species (average change À15%). According to Fisher's exact test, the change in occupancy in the well-studied squares was statistically significant for 20 species and nearly significant for an additional five species. After Bonferroni correction of the P-values, the change in occupancy remained significant for 11 species: Chrysis graelsii (relative change in occupancy À84%), Pseudospinolia neglecta Shuckard (À82%), Chrysis iris Christ (À76%), Chrysis ignita (À72%), Chrysis ruddii Shuckard (À70%), Chrysis borealis Paukkunen et al. (À65%), Chrysis longula Abeille de Perrin (À59%), Chrysis pseudobrevitarsis (À56%), Pseudomalus auratus (Linnaeus) (À48%), Chrysis solida Haupt (À47%) and Trichrysis cyanea (Linnaeus) (À39%). In all these species, the occurrence trend was thus decreasing.
In the selected eight host species, occurrence changes were positive for six species and negative for two species, when only the well-studied squares were included (Table 3B ). According to Fisher's exact test, the change in the well-studied squares was statistically significant in three species and nearly significant in one additional species. After Bonferroni correction of the P-values, only one host species, Euodynerus notatus, had a significant change in occupancy (À53%).
Comparative species trait data analysis
According to the model selection analysis of the occurrence trends, one of the 30 fitted GEE models was outstandingly likely (P = 1.000) the best (i.e. most parsimonious) model, including three explanatory variables, abundance (variable coefficient = 0.013), body size (coeff. = 5.614) and nesting type (coeff. = À29.743). The results indicate that scarce and small species that use above ground-nesting hosts declined more than abundant and large species that use ground-nesting hosts (Table S3) .
Comparison of cuckoo wasps and their hosts
The occurrence trends of cuckoo wasps and their hosts were significantly positively correlated (Table 4, Fig. 3 ). Spearman's correlation coefficient between the eight host species and ten more or less specialised cuckoo wasp species was 0.726 (P = 0.021). If the strongly increasing species Hedychrum rutilans and its host Philanthus triangulum were removed from the analysis, the correlation coefficient remained marginally significant, 0.622 (P = 0.076). The changes in occurrence were generally larger in cuckoo wasps than in their hosts. In seven of the eight species pairs, in which the observed trend was in the same direction, the change was larger in cuckoo wasps (P-value of Wilcoxon signed-rank test 0.05).
Hedychrum rutilans, which is a specialist kleptoparasite of the bee wolf, Philanthus triangulum (Crabronidae), has increased drastically during the last decades (Fig. 3a, b) , although the change was not statistically significant due to 
Continuous
Body size Average body length (mm) (3.0-11.5) Continuous Host specificity 1 = low (n = 9), 2 = moderate (n = 27), 3 = high (n = 12), depending on the number and relatedness of host species
Ordinal
Nesting type of host 1 = not nest building (n = 2), 2 = ground-nesting (n = 21), 3 = above ground-nesting (n = 25) Categorical the relatively low total number of records. According to our data, the host increased its occupancy by 235%, while the kleptoparasite increased by 813% between the two observation periods. Chrysis graelsii, however, is an example of a cuckoo wasp species, which has undergone a serious decline in Finland during the 20th century (Fig. 3c, d ). Its main host in Finland is the solitary wasp Euodynerus notatus, which nests in dead wood, especially in the walls of sun-exposed old log buildings. To a minor extent, also E. quadrifasciatus, can serve as its host. The occupancy of C. graelsii decreased by 84% between the two study periods, while the occupancy of E. notatus decreased by 53%.
Discussion
We have presented here a quantitative analysis of population changes within a little studied insect group, cuckoo wasps. In general, there is a lack of comprehensive and quantitative overviews of insect groups with parasitoid or kleptoparasitic life cycles (Hochberg, 2000; Shaw & Hochberg, 2001 Table 3 . Changes in the occupancy of grid squares across (a) cuckoo wasps and (b) selected eight host species between the two study periods (1840-1967 and 1968-2015) . The change is measured as the relative difference in occupancy between the two study periods.
A. Cuckoo wasp species
Occupancy (%) in selected well-studied squares (n = 232) Relative change in occupancy (%) two studied time periods, whereas none had increased significantly (although the increase of Hedychrum rutilans was nearly significant). In addition, two species that were not recorded during the latter time period (Chrysis leptomandibularis and Holopyga inflammata) may already have gone extinct in Finland. The proportion of declining species versus increasing species is unusually high in the Finnish cuckoo wasps compared with other studied insect groups, even in a global perspective. For example, in a long-term study on Finnish butterflies, the proportion of declining species was estimated to be 31%, while 36% of species were considered as increasing (Kuussaari et al., 2007) . In Swedish long-horn beetles, 40% of species were regarded as declining and 60% as increasing (Jeppsson et al., 2010) . In Great Britain, however, the percentage of decreasing moth species was found to be much higher than that of increasing species (Conrad et al., 2004; Fox et al., 2014) . The large proportion of declining species in cuckoo wasps has earlier been anticipated in the national Red List assessment (Paukkunen, 2010) .
Population trends and species traits
According to our comparative analysis, changes in the occurrence were associated with abundance and body size of cuckoo wasps and nesting type of the host species. Abundant species declined less than scarce species, which might be due to their less demanding environmental requirements and thus stronger resilience to environmental changes (Warren et al., 2001) . Abundance was positively correlated with range size, indicating that widespread species generally also declined less than narrow-ranged species. However, distribution size did not enter the best model in the comparative analysis. The lower occurrence trends of rare and narrow-ranged species could be a sign of biotic homogenisation, where abundant and widespread species gradually replace other taxa (Warren et al., 2001; Ekroos et al., 2010; Powney et al., 2015) .
Body size was positively associated with occurrence trend, indicating that small species generally declined more than large species. Previous studies of Hymenoptera have shown that small body size may correlate with poor dispersal ability and therefore cause vulnerability to environmental changes, such as habitat fragmentation (Gathmann et al., 1994; Gathmann & Tscharntke, 2002; Greenleaf et al., 2007; Bommarco et al., 2010) . Small body size is also linked to high temporal fluctuations in population size (Henle et al., 2004) , which may further increase sensitivity to habitat loss. Other studies, however, have reported opposing or unclear effects of body size. For example, Bartomeus et al. (2013) and Scheper et al. (2014) found a negative correlation between body size and occurrence trend in bees, while Williams et al. (2010) did not find any clear overall effect.
Cuckoo wasps that have hosts nesting above ground (cavity nesters) had more negative occurrence trends than those with ground-nesting hosts (ground nesters). This could be caused by more severe changes in the habitats of cavity nesters or by higher sensitivity to environmental changes in cavity nesters compared to ground nesters. It is obvious that both groups have suffered from habitat loss and degradation in Northern Europe during the last century. While the decrease of sun-exposed dead wood in forests and agricultural landscapes has been detrimental for cavity nesters, overgrowth of open sparsely vegetated habitats, such as dry meadows and sands, has been harmful for ground nesters. Road verges, sand pits and ruderal areas have probably offered new habitats for ground nesters and partly compensated for the loss of original habitats, whereas cavity nesters have not been able to find suitable habitats from intensively managed forests or modern agricultural areas. Especially, the loss of traditional wooden constructions, such as log barns and houses, has had adverse effects on cavity nesters (Szczepko et al., 2013) .
A higher vulnerability of cavity-nesting compared with ground-nesting hymenopterans has also been observed in earlier studies. Williams et al. (2010) observed that bee species nesting above ground were on average more negatively affected by isolation and agricultural intensification (excluding tillage) than were species nesting in the ground. The result was explained by the more flexible habitat requirements of ground nesters, which can find suitable B. Host species Occupancy (%) in selected well-studied squares (n = 95)
Relative change in occupancy (%) (2006) reported that the proportion of cavity-nesting versus ground-nesting bees was positively correlated with habitat area in lime-stone quarries, indicating an increased sensitivity to habitat size in cavity nesters. The authors concluded that nesting sites of cavity nesters seem to be a limiting factor in most habitats, and therefore, cavity nesters have lower densities and are more prone to extinction. The two variables, which were not selected in the best model of the comparative analysis, were host specificity and size of distribution area. Previous studies have shown that food/nutritional specialists are often more vulnerable to environmental changes than generalists (e.g. Kotiaho et al., 2005; Bommarco et al., 2010; € Ockinger et al., 2010; Bartomeus et al., 2013) , and therefore, we also expected to find a negative dependence between occurrence trends and host specificity. The lack of this dependence could be caused by the fact that specialised cuckoo wasps tend to have common host species that probably have retained stable populations during the study time. The host species of cuckoo wasps are still relatively poorly known, and therefore, our classification of host specificity should only be considered tentative. A study on British butterflies indicated that the relationship between population trends and niche breadth can also be non-linear, as moderately generalist species were found to be more sensitive than specialists or extreme generalists (Dapporto & Dennis, 2013) .
According to our analysis, distribution size did not seem to have an influence on occurrence trends. However, as mentioned earlier, distribution size and abundance were positively correlated, and therefore, only one of these variables could enter the best model as an explanatory term. The positive inter-specific relationship between abundance and distribution is a general macroecological pattern that has been observed in numerous studies (Hanski et al., 1993) .
Comparing trends of cuckoo wasps and their hosts
Changes in occurrence were generally larger in cuckoo wasps than in their hosts, although the difference was only marginally statistically significant due to the small number of studied host species. This result is in accordance with our expectations, as species at higher trophic ranks are predicted to be more sensitive to environmental changes than species at lower ranks (Hawkins, 1994; Holt, 1996) . For example, Komonen et al. (2000) found that habitat loss and fragmentation in boreal forests truncated food chains of specialised species in the course of time since isolation, and parasitoid wasps were more affected than their hosts. Moreover, Roslin et al. (2013) studied plant and insect communities on islands of various sizes and showed that food chain length decreased from large to small islands. Parasitoid wasps were thus more sensitive to island size variation than organisms at lower trophic levels. In their study on insect communities of Vicia sepium, Kruess and Tscharntke (2000) observed that parasitoids suffered more from habitat loss and isolation than their phytophagous hosts, and parasitoids were also more sensitive to habitat patch size. While increased sensitivity means larger declines in parasitoid species compared with their hosts, it could also denote larger increases in parasitoids, when the host species are increasing. This seems to be the case in Hedychrum rutilans and its host Philanthus triangulum, as the cuckoo wasp has gone through a significantly larger relative increase compared with its host between the two study periods.
Data evaluation
A possible source of bias in our dataset could have been caused by changes in sampling methods during the study time. Traditionally cuckoo wasps have been collected by nets, but in recent decades, different types of traps have gained popularity. Especially yellow pan traps have become popular in entomological surveys. It is probable that ground-nesting wasps are more attracted to pan traps than cavity-nesting wasps, as the traps are usually placed on sparsely vegetated spots on the ground. Consequently, the proportion of ground-nesting species could be over-represented in recently collected material compared to older collections. This bias is, however, difficult to take into account, as the collection method is usually not known for older collected specimens. Eliminating all trapped specimens would also have decreased the size of the dataset substantially. Another potential source of bias is caused by changes in the accuracy of reporting collection localities. The national coordinate system (YKJ or GRID27E) was introduced in the beginning of the 1970s, and before this, only locality names were used for reporting collection localities for Finnish entomological specimens. Usually merely the name of the municipality was mentioned, which might have led to an artificial aggregation of old records into certain 10 9 10 km squares in our dataset, as georeferencing was done according to the central church villages. The problem of spatial aggregation of records during the first observation period could have been somewhat mitigated by applying a larger grid, for example, of 50 9 50 km squares. This, however, would have caused a loss in resolution and lowered the number of significant trend estimates. A sufficiently fine-scaled grid is essential for a reliable assessment of rarity, trends and extinction risk of species (Hartley & Kunin, 2003; Wilson et al., 2004) .
Difficulties in trend assessments based on natural history collections can depend on the studied taxa. For example, biases caused by changes in collection methods and changes of charisma of species are potentially more important for popular and attractive groups, such as butterflies and moths and beetles, than for less studied groups (Jeppsson et al., 2010) . In cuckoo wasps, most species are rather similar in general appearance and species identification is often difficult or impossible without a microscope. Therefore, they are collected more randomly than are specimens of other insect groups with great specific differences in external morphology. Although some cuckoo wasps species are detected more readily than others in nature, proportions of specimens in collections probably reflect actual abundances more reliably than in, e.g., butterflies that are skewed towards rare species (Kuussaari et al., 2007) . Changes in the occurrence of cuckoo wasps were assessed here by comparing relative occupancies in two study periods with approximately equal amounts of records. As there were only two long study periods (length 128 and 48 years, respectively) which were compared, the observed changes in occurrence represent a rough estimate of long-term population trends. Most species are likely to have substantial fluctuations in their population sizes during shorter time-scales, such as decades and single years, which unfortunately remain unnoticed in our study. However, in spite of these shortcomings, our study setting produces valuable and novel information on long-term trends in a poorly known insect group. This is particularly important, as in rare species, detailed analyses of population trends are typically overly difficult due to the poor availability of data.
Conclusions
Our results indicate that cuckoo wasps have suffered from environmental changes more than most other insect groups, as the proportion of declining species is exceptionally high. Undoubtedly, habitat loss and degradation has had a negative influence on cuckoo wasps, because changes in agriculture and forestry have dramatically diminished the amount of suitable nesting sites of their hosts, such as forest margins with sun-exposed dead wood and dry meadows with sparse vegetation. The kleptoparasitic and parasitoid lifestyle and high trophic position of cuckoo wasps have further increased their susceptibility to environmental changes. Species with hosts nesting above ground, that are dependent on dead wood, were found to have more negative trends than those with ground-nesting hosts, probably because ground nesters are able to utilise road verges, sand pits and ruderal areas as novel secondary habitats. The severe decline of cuckoo wasps with hosts nesting above ground underlines the importance of preserving sun-exposed dead wood in forests and old wooden constructions in agricultural and urban areas. Finally, we thank all entomologists who offered specimens and data from their collections to the authors. Without your efforts, this study would not have been possible.
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